Cell surfaces represent a platform through which extracellular signals that determine diverse cellular processes, including migration, division, adhesion, and phagocytosis, are transduced. Techniques to rapidly reconfigure the surface properties of living cells should thus offer the ability to harness these cellular functions. Although the molecular mechanism of phagocytosis is well characterized, the minimal molecular players that are sufficient to activate this elaborate process remain elusive. We developed and implemented a technique to present a molecule of interest at the cell surface in an inducible manner on a time scale of minutes. We simultaneously induced the cell surface display of the C2 domain of milk fat globule epidermal growth factor factor 8 (MFG-E8) and activated the intracellular small guanosine triphosphatase Rac, which stimulates actin polymerization at the cell periphery. The C2 domain binds to phosphatidylserine, a lipid exposed on the surface of apoptotic cells. By integrating the stimulation of these two processes, we converted HeLa cells into a phagocytic cell line that bound to and engulfed apoptotic human Jurkat cells. Inducing either the cell surface display of the C2 domain or activating Rac alone was not sufficient to stimulate phagocytosis, which suggests that attachment to the target cell and actin reorganization together constitute the minimal molecular events that are needed to induce phagocytosis. This cell surface display technique might be useful as part of a targeted, cell-based therapy in which unwanted cells with characteristic surface molecules could be rapidly consumed by engineered cells.
INTRODUCTION
The outer surface of cells presents various biomolecules, including lipids, sugars, and proteins, which are exposed to, and potentially interact with, the extracellular environment. These surface molecules are vital to stimulate specific cellular functions, such as migration, division, adhesion, and phagocytosis (1, 2) . The goal of synthetic cell biology is not only to understand the molecular mechanisms underlying these cell functions but also to manipulate them in a predictable manner (3, 4) . Rapid reengineering of cell surface properties should enable us to achieve these goals. General methods, such as protein overexpression and RNA interference (5, 6) , enable the modification of molecular constituents at the cell surface, but the effects of these techniques are often too slow to affect rapid biological events, such as adhesion and phagocytosis, for example (7) . There are emerging techniques to rapidly manipulate protein constituents specifically at the surface of intracellular organelles (8−12) ; however, these techniques cannot be readily applied to the cell surface because of the technical challenges involved. Although direct chemical modification of the cell surface has been previously reported (13) , this method is limited to the use of small molecules. Here, we developed a technique to modify the cell surface not only with small molecules but also with proteins on a time scale of minutes. We then applied this technique to investigate the minimal signaling events required for phagocytosis. Phagocytosis is a biological process through which cells engulf other cells, including bacteria. The process was first discovered by a Russian immunologist, Élie Metchnikoff, in 1895. A macrophage is one of the main phagocytes in the body, and it engulfs different types of cells, including spleen B cells, apoptotic cells, and nuclei enucleated from red blood cells. The molecular mechanisms underlying phagocytosis have been intensely studied, especially in the case of engulfment of apoptotic cells (14) . Macrophages recognize target apoptotic cells through protein-lipid interactions. To bind to phosphatidylserine (PS) residues exposed on the surface of apoptotic cells, macrophages use two surface receptors: T cell immunoglobulin (Ig)-and mucin domain-containing molecule (Tim4) (15) and the integrin a V b 3 bound to milk fat globule epidermal growth factor (EGF) factor 8 (MFG-E8; also known as lactadherin) (16) . Overexpression of these two PS-binding proteins in nonphagocytic cells, such as NIH3T3 fibroblasts, stimulates the engulfment of apoptotic cells (17) . However, signaling downstream of these two PSbinding proteins is complex, with multiple molecular players and feedback and crosstalk regulation (18) . In addition, it is unclear which of these downstream machineries constitutes the minimal mechanism of phagocytosis. Here, we used our cell surface display technique to rapidly engineer interactions between a nonphagocytic cell and an apoptotic cell, and found that concurrent Rac activation suffices to render the engineered nonphagocyte phagocytic.
RESULTS

Design and development of dimerization-induced surface display (DISplay)
We begin by explaining the design principle for our cell surface engineering method. A cell surface property should be effectively altered by changing the in situ concentration of biomolecules, which can be achieved by inducing the display of biomolecules at the extracellular face of the plasma membrane that were previously confined elsewhere inside cells. However, it is challenging to mediate this type of translocation by simple molecular diffusion because of membrane boundaries between cellular compartments. Alternatively, biomolecules initially contained inside the lumen of the Golgi can be delivered to the plasma membrane and displayed at its outer surface upon binding to a protein present at secretory vesicles (19) (Fig. 1A) . To test this, we used the process of chemically inducible dimerization (20) , through which a chemical dimerizer, such as rapamycin, induces the formation of a complex of two different proteins, such as FK-506-binding protein (FKBP) and FKBP-rapamycin-binding protein (FRB) (21) .
We first prepared a series of dimerization proteins: an FKBP protein fused to one of three different Golgi-targeting sequences (giantin, glucosylceramide synthase, and TGN38) (1, 9, 22) , as well as an FRB protein fused to one of two different plasma membrane-targeting sequences, in this case, the N-terminal sequence of the kinase Lyn and C-terminal CAAX motif of K-Ras protein (23) . We then introduced a pair of these FKBP and FRB fusion proteins into cells to monitor the location of FKBP proteins before and after the addition of rapamycin ( fig. S1 ). Of all of the combinations tested, FKBP fused to yellow fluorescent protein (YFP), the transmembrane domain of giantin, and a Myc tag (FYG-Myc), together with FRB, fused to red fluorescent protein (mCherry), and the CAAX motif of K-Ras (RCh-CAAX) demonstrated translocation of FKBP proteins from the Golgi to plasma membrane after the addition of rapamycin (Fig. 1B and Supplementary Text). The observed translocation was not a result of a side effect of rapamycin, because the addition of rapamycin to cells missing either one of the dimerization components did not lead to translocation of FKBP to the plasma membrane ( fig. S2 ). The rapamycin-dependent accumulation of FYGMyc at the plasma membrane was detected as early as 15 min after the addition of rapamycin (Fig. 1C) and reached a maximum within 60 min ( fig.  S3 and movie S1). Subsequent immunostaining of transfected HeLa cells with antibody specific for Myc without permeabilizing cell membranes confirmed that the C terminus of FYG-Myc was extracellularly exposed (Fig. 1D ). This result is consistent with the topology of giantin as a type II transmembrane protein (9) . This dimerization strategy was readily generalized, because we also achieved equally efficient cell surface display in experiments with different cell types, such as COS-7, NIH3T3, and MDCK cells ( fig. S4 ), or through the use of a different chemical dimerizer, such as gibberellin and its binding proteins, gibberellin insensitive (GAI) and gibberellin insensitive dwarf 1 (GID1) (24) (fig. S5) . We coined the term DISplay technique for dimerization-induced surface display.
Characterization of the DISplay mechanism
Next, we determined the translocation mechanism behind the DISplay technique. We first confirmed that the observed cell surface display of FYGMyc was not because of damaged organellar membranes ( fig. S6 ). In support of the involvement of vesicular trafficking in the DISplay technique, rapamycin-dependent dimerization of FKBP and FRB resulted in the formation of intracellular vesicles (figs. S7 and S8). To test whether the conventional secretory pathway mediated the translocation process, we repeated the dimerization experiment in the presence of pharmacological inhibitors of Golgi-mediated protein transport, such as brefeldin A (BFA) and monensin (25, 26) . Whereas neither drug blocked rapamycin-induced dimerization of the fusion proteins, the cell surface display of the fusion protein was markedly impaired (figs. S9 and S10 and Supplementary Text).
We observed a similar block in membrane translocation of the fusion of FYG-Myc and RCh-CAAX when the experiment was performed at 4°C ( fig. S11 ). In addition, the K-Ras CAAX tail was essential for the translocation of FYG-Myc to the cell surface ( fig.  S12 ). These results suggest that translocation of the heterodimerized complex through the conventional secretory pathway was at least partially involved in the display process. This was somewhat unexpected, because full-length K-Ras is reportedly delivered to the plasma membrane through an unconventional secretory pathway (27) .
Presenting small molecules at the cell surface with DISplay
We next explored the ability of the DISplay technique to present small molecules at the cell surface by constructing a fusion protein (29) . We observed the green fluorescence of SNAP-Surface 488 at the plasma membrane of cells only in the presence of rapamycin ( fig. S13B ), suggesting that FG-SNAP was present at the cell surface. In theory, a long list of commercially available SNAP tag molecules should be presentable at the cell surface with this approach.
Presenting a PS-binding domain at cell surface with DISplay
Finally, we used the DISplay technique to rapidly reconstitute a cellular function, namely, phagocytosis. Although HeLa cells internalize particles when the particle size, shape, and surface chemistry meet strict criteria (30, 31), they are not professional phagocytic cells. This prompted us to explore a synthetic approach to render HeLa cells into phagocytes of apoptotic cells. Phagocytosis is composed of several processes, including recognition, binding, and tethering, as well as internalization of the target cell (17) . The first step is primarily achieved by an MFG-E8 (16) , which binds to PS exposed on the surface of target apoptotic cells through its C-terminal C2 domain. Through an Arg-Gly-Asp (RGD) motif in the EGF domain, MFG-E8 also binds to the integrin a V b 3 , which is present on the surface of phagocytes, such as macrophages (18), thus serving as a bridge between the two cells. That is, PS lipids serve as an "eat me" signal on the surface of apoptotic cells, whereas integrin-bound MFG-E8 serves as an "eat you" counterpart on the cell surface of macrophages. For engulfment of cells, this initial interaction between PS, MFG-E8, and integrin a V b 3 needs to coincide with tethering to the target cell through the plasma membrane protein Tim4 and its downstream effectors (17) .
We first tested whether the interaction between PS and the C2 domain was sufficient for HeLa cells to phagocytose apoptotic cells ( Fig. 2A) . We constructed a fusion protein consisting of FKBP, YFP, the giantin transmembrane domain, and the C2 domain of MFG-E8 (FYG-C2), and this was coexpressed with RCh-CAAX in transfected HeLa cells. We found that FYG-C2 was localized to Golgi in these cells, as expected (figs. S14 and S15). We also observed the translocation of FYG-C2 to the plasma membrane in response to rapamycin (figs. S14 and S15), which indicated that the C2 domain was displayed at the cell surface. We then added Jurkat cells that we had previously confirmed to be apoptotic ( fig. S16) . Before the addition of rapamycin, only 25% (9 of 35) of HeLa cells that were transfected with plasmid encoding FYG-C2 bound to the apoptotic Jurkat cells (Fig. 2, B and  C) . In contrast, in the presence of rapamycin, there was a statistically significant increase in the percentage of HeLa cells that bound to the apoptotic cells (63%, 22 of 35 cells, P < 0.005 by Mann-Whitney U test; Fig. 2, B and  C, and fig. S17 ). When we repeated the experiment by adding nonapoptotic Jurkat cells instead of apoptotic cells, there was little binding of HeLa cells (21%, 7 of 34 cells; Fig. 2, B and C) . In another control, we expressed FYGMyc instead of FYG-C2 in the HeLa cells, and we did not observe binding of the HeLa cells to the apoptotic Jurkat cells (Fig. 2, B and C) . The extent of the attachment of FYG-C2-expressing HeLa cells to apoptotic cells was comparable to that exhibited by RAW264.7 cells, a mouse macrophage cell line. In the absence of MFG-E8, 13 of 156 RAW264.7 cells (8%) bound to apoptotic Jurkat cells, whereas in the presence of MFG-E8, 48 of 109 RAW264.7 cells (44%) bound to the apoptotic cells ( fig. S18) . Notably, HeLa cells displaying FYG-C2 did not engulf the apoptotic Jurkat cells despite binding to the target cells, which suggests that cell-cell interactions alone were insufficient for the engulfment of target cells.
Inducing cell engulfment through Rac activation
The small guanosine triphosphatase (GTPase) Rac reorganizes the actin cytoskeleton and plays a key role in the internalization of apoptotic cells (32) . Therefore, we repeated the C2 DISplay assay in the presence of active Rac. This was achieved by expressing a constitutively active form of Rac, Rac (CA), in HeLa or COS-7 cells. The effect of Rac (CA) on actin polymerization at the cell periphery was confirmed by confocal microscopy ( fig. S19 ). The addition of rapamycin not only stimulated the formation of interactions between the HeLa or COS-7 cells and the apoptotic Jurkat cells but also led to the engulfment of the apoptotic Jurkat cells (Fig. 3, A and B) . In particular, 38% (23 of 61) of the HeLa cells consumed the apoptotic cells (Fig. 3, A and  B) . In contrast, very few of the cells that were not subjected to the DISplay technique engulfed the apoptotic cells (5 of 54 cells, P < 0.05 by MannWhitney U test) (Fig. 3, A and B) . Statistical analysis of the synthetic engulfment assays was summarized (Table 1 and table S1 ). The synthetic induction of cell engulfment was not limited to HeLa cells, because inert, generic COS-7 cells also rapidly became phagocytic when they were subjected to the DISplay procedure [18 of 54 cells (33%); Fig. 3C, fig. S20 , and tables S2 and S3]. Macrophages derived from chemically stimulated mice have previously been used for the engulfment of apoptotic Jurkat cells (33) . Compared to the physiological phagocytosis by macrophages, our synthetic phagocytosis by nonphagocytes appears to be less efficient. Although the difference may be the result of different experimental conditions, such as assay duration, further improvement of our synthetic approach may lead to highly efficient phagocytosis by nonphagocytes.
DISCUSSION
Our results suggest that specific binding to target cells and actin reorganization are the two signaling events that are necessary and sufficient to stimulate the engulfment of apoptotic cells. It is thought that target cell binding by a macrophage through two membrane proteins, MFG-E8 and Tim4, and the subsequent activation of downstream effectors of integrins concertedly form a coincidence detector of apoptotic cells (17) . This system may serve as a stringent safeguard mechanism for macrophages to prevent them from mistakenly phagocytosing healthy cells. Here, we suggest that not all of these steps are necessary to induce phagocytosis by nonphagocytic cells. The next engineering challenge is to introduce a coincidence function into this synthetic system. For example, integrating DISplay with the AND logic device that executes Rac activation (24) may enable a more precise control of cellular function rerouting.
With the DISplay technique, we rapidly manipulated the components of the cell surface and engineered a system such that inert cells could be synthetically programmed to exhibit a complex cell function such as phagocytosis. This technique thus offers a potentially useful research tool to gain insights into the causal relationships between cell surface molecules and cell functions driven by cell-cell and cell-matrix interactions. In the future, the synthetic reconstruction of cell engulfment could be applied for targeted cell-based therapies (34) . In particular, elimination of target disease cells that exhibit a characteristic molecular feature on the surface might become possible, for example, by inducing the DISplay of a single-chain Fv antibody against the surface molecule of interest.
MATERIALS AND METHODS
Plasmid preparation
To generate the FKBP-YFP-giantin-Myc construct, the complementary DNA (cDNA) encoding FY-giantin was digested from the FY-giantin-C1 vector (9) with Nhe I and Bam HI, and then was inserted into the multiple cloning site of the plasmid pcDNA3.1. An oligomer encoding the Myc-tag sequence (GAACAGAAACTGATCTCTGAAGAAGACCTG) was digested with Bam HI and Xho I and was inserted into the plasmid FYG-pcDNA3.1. To generate the FG-SNAP construct, a polymerase chain reaction (PCR) product encoding FKBP was digested with Nhe I and Bsr GI and was replaced with the FKBP-YFP-encoding sequence from the plasmid FYG-SNAP, which was prepared in advance. To generate the FYG-C2 construct, PCR was performed with primers [forward (nucleotides 898 to 928): GAATTCCTCCTGGGCTGTGAGTTGCACGGATGTTCTG; reverse (nucleotides 1365 to 1485): CCTGCGCCTGGAGCTGCTGGGCTGT-TAACTCGAGATGC] to produce a cDNA encoding the C2 domain (corresponding to amino acid residues 300 to 464) of mouse MFG-E8 (GenBank, European Molecular Biology Laboratory, and DNA Data Bank of Japan: NM_008594), which was flanked with sites for the restriction enzymes Bam HI and Xho I. The fragment was digested with these restriction enzymes and inserted into the plasmid FYG, which had been previously digested with the same enzymes. The plasmid encoding mouse MFG-E8 was a gift from S. Nagata (Kyoto University). To generate the RCh-CAAX construct, a PCR product encoding the membrane-targeting motif of the cytoplasmic tail of K-Ras was digested with Bsr GI and Xho I and inserted into the multiple cloning site of the expression plasmid pECFP-C1. The human K-Ras tail construct was previously described (23) . To generate the RCh-CAAX construct, a PCR product encoding mCherry digested with Age I and Bsr GI was replaced with enhanced CFP (ECFP) in the RC-CAAX vector. Construction of FKBP-glucosylceramide synthase and FKBP-TGN38 was described previously (9) .
Cell culture and transfections
HeLa, COS-7, NIH3T3, MDCK, and RAW264.7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% supplemental fetal bovine serum (FBS; Gibco). Jurkat cells were cultured (Fig. 3A) . †RR was determined by dividing a risk value of the test condition [C2 (+), rapamycin (+), and apoptotic Jurkat ( in RPMI 1640 medium (Gibco) supplemented with 10% FBS. Cells were transiently transfected with Lipofectamine LTX (Invitrogen) according to the manufacturer's protocols.
Induction of cell surface display by small molecules
To induce cell surface display, cells were treated with 200 nM rapamycin or 10 mM GA 3 -AM diluted in DMEM containing dimethyl sulfoxide as a solvent.
Fluorescence imaging
Imaging was performed with a confocal microscope equipped with a white light laser (TCS SP5X, Leica). Appropriate excitation wavelengths and emission windows were chosen for the acquisition of fluorescence images in sequential scanning mode. The data in figs. S5 and S6 were acquired with an inverted microscope (Axiovert200M, Zeiss) equipped with a spinning disc confocal unit (CSU10, Yokogawa), as described previously (9) . Fluorescence imaging was performed in phenol red-free DMEM containing 10% FBS under a 5% CO 2 atmosphere at 37°C.
Immunostaining of the Myc tag
HeLa cells were grown on coverslips in a six-well plate and were transiently transfected with plasmids encoding FYG-Myc and RCh-CAAX. Twelve hours later, the cells were treated with rapamycin for 60 min and then were fixed with 4% paraformaldehyde (PFA). All cells were incubated with primary antibody (rabbit anti-Myc IgG2 71D10, #2278, Cell Signaling, at a 1:200 dilution) and subsequently with secondary antibody (Alexa Fluor 594-conjugated goat anti-rabbit IgG, #A11012, Life Technologies, at a 1:400 dilution) with or without 0.2% Triton X-100 (Sigma).
SNAP tag labeling
HeLa cells were transiently transfected with plasmids encoding FG-SNAP and RCh-CAAX. Twelve hours later, the cells were treated with rapamycin for 60 min, and cell surface SNAP tag was detected with SNAP-Surface 488 (New England Biolabs) according to the manufacturer's protocols.
Phalloidin staining
HeLa or COS-7 cells were transiently transfected with plasmid encoding CFP-Rac1 (CA). Twelve hours later, cells were fixed with 4% PFA. After permeabilization with phosphate-buffered saline containing 0.5% Triton X-100 for 5 min, cellular actin was detected with Acti-stain 670 phalloidin (Cytoskeleton).
Preparation of apoptotic cells
After labeling Jurkat cells with CellTracker Red (Invitrogen) according to the manufacturer's instructions, cells were irradiated with ultraviolet (UV) light (40 mJ/cm 3 ) with the UV crosslinker (Funakoshi) and were incubated for 3 hours in RPMI 1640 medium. Cells were then isolated by centrifugation and adjusted to a concentration of 5 × 10 5 cells/ml in Hanks' balanced salt solution (HBSS) including calcium and magnesium (Gibco). To confirm whether apoptosis was induced, Jurkat cells were labeled with propidium iodide and Alexa Fluor 647-conjugated annexin V and then were analyzed by flow cytometry.
Adhesion assay
HeLa cells were grown on 35-mm poly-D-lysine-coated dishes (MatTek) and were transfected with plasmid encoding RCh-CAAX together with plasmids encoding either FYG-C2 or FYG-Myc. After 60 min of treatment with rapamycin, the cells were incubated for 3 hours with apoptotic Jurkat cells that were labeled with CellTracker Red (5 × 10 5 cells/ml). The cells were then carefully washed with HBSS with a Shake-LR (TAITEC) to remove nonadherent and weakly adherent cells. Those cells containing CellTracker Red that bordered the YFP fluorescence signal of HeLa cells in all x-y, y-z, and x-z planes were considered to be adherent cells. The numbers of adherent Jurkat cells were then determined under a confocal fluorescence microscope (TCS SP5, Leica).
Engulfment assay
HeLa or COS-7 cells were grown on 35-mm poly-D-lysine-coated dishes (MatTek) and were transfected with plasmids encoding CFP-Rac1 (CA) and RCh-CAAX, together with plasmid encoding either FYG-C2 or FYG-Myc. After 60 min of treatment with rapamycin, apoptotic or nonapoptotic cells labeled with CellTracker Red were added and were incubated for 12 hours. After nonadherent cells were washed out three times, fluorescence images of cells that expressed all three constructs were taken. Whether Jurkat cells were engulfed was determined by searching for vesicles containing CellTracker Red that were larger than 5 mm in diameter and were located in the intracellular region (as judged from analysis of Z-stacks). After counting the cell numbers, both the RR and the 95% CI of the RR were calculated for each control condition versus test condition [C2 (+), rapamycin (+), and apoptotic Jurkat cells (+)]. In the analysis, statistical significance (P < 0.05) was tested by checking whether the 95% CI contained the null number (RR = 1) or not. A "risk value" was determined by dividing the number of cells engulfed by the number of cells analyzed. The RR was determined by dividing the risk of the test condition [C2 (+), rapamycin (+), and apoptotic Jurkat cells (+)] by the risk of each control condition. The 95% CI was calculated on the basis of the following equation:
where a is the number of cells engulfed (test condition), b is the number of cells analyzed (test condition), c is the number of cells engulfed (control), and d is the number of cells analyzed (control). The odds ratio (OR) and the 95% CI of the OR were calculated as described below for each control condition versus test condition. In this analysis, statistical significance (P < 0.05) was tested by checking whether the 95% CI contained the null number (RR = 1). An "odd value" was determined by dividing the number of cells engulfed by the number of cells analyzed. The OR was calculated on the basis of the following equation:
The 95% CI was calculated on the basis of the following equation:
where a is the number of cells engulfed (test condition), b is the number of cells that were not engulfed (test condition), c is the number of cells engulfed (control), and d is the number of cells that were not engulfed (control).
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